. Generation and characterization of HA-Nrxn1 cKI mice and of constitutive HA-Nrxn1-truncation mice (related to Fig. 1 and Fig. 2) , and super-resolution microscopy by 3D STORM identifies mostly single Nrxn1 nanoclusters in excitatory synapses that are developmentally regulated (relates to Fig. 3 and Fig. 4 ). (A) Strategy for generation of HA-Nrxn1 cKI mice by homologous recombination in ES cells. A targeting vector containing exon-26 (which encodes the C-terminal Nrxn1 transmembrane region and cytoplasmic tail) was constructed. The targeting vector includes (1) homologous arms, (2) sequences encoding tandem HA-epitope tags, a linker sequence, and a loxP site with an open reading frame inserted into the 59 end of exon-26, (3) a second loxP site into the 39 UTR, (4) a PGK-neo selection cassette flanked by frt sites, and (5) a diphtheria toxin expression cassette for negative selection. We performed homologous recombination experiments in ES cells to generate ES cell clones containing a targeted Nrxn1 allele. Mice were then produced from these ES cells by blastocyst injections, and offspring with the correctly targeted allele were crossed with mice expressing flp-recombinase to remove the PGKneo selection cassette from the gene, resulting in the HA-Nrxn1 cKI allele in which full-length Nrxn1 is expressed with an inserted tandem HA-epitope. Crossing HA-Nrxn1 cKI mice with mice expressing Cre-recombinase or expressing Cre-recombinase in cells cultured from the HA-Nrxn1 cKI mice, finally, causes recombination of the two loxP sites in the HA-Nrxn1 cKI allele and thereby production of a truncated HA-Nrxn1 that lacks a transmembrane region and cytoplasmic sequence (see Fig. 1, A and B , for the structures and sequences of the HA-Nrxn1 proteins). (B) Measurements by quantitative RT-PCR of the mRNA levels of the indicated genes in the forebrains of adult littermate WT mice and mice heterozygous for the HA-Nrxn1 truncation mutation. The first bars depict the levels of Nrxn1 mRNAs lacking an insert sequence at the position in which the HA-epitope is inserted, exon-26; the Nrxn1α and Nrxn1β bars depict the levels of these mRNAs as determined with probes upstream of the HA-epitope insertion site. All other measurements assess mRNA levels for the indicated genes. Note that the normal levels of Nrxn1α and Nrxn1β mRNAs indicate that there is no nonsense-mediated decay induced by the deletion of exon-26. (C) Same as B, except that the levels of the mutant mRNA are compared between mice carrying a single mutant allele and WT mice. (D) Measurements by quantitative RT-PCR of the mRNA levels of the indicated genes in hippocampal neurons cultured from HA-Nrxn1 and infected with lentiviruses expressing inactive mutant Cre-recombinase (ΔCre) or active Cre recombinase. Neurons were infected at DIV4 and harvested at DIV12. Data show the levels observed in neurons after Cre recombination as percent of the levels in the matching control neurons expressing ΔCre. The first bars depict measurements of Nrxn1 mRNAs containing exon-26 sequences; the Nrxn1α and Nrxn1β bars depict the levels of these mRNAs as determined with probes upstream of the HA-epitope insertion site. Again, the normal levels of Nrxn1α and Nrxn1β mRNAs indicate that there is no nonsense-mediated decay induced by the deletion of exon-26. (E) Representative images of DIV14 hippocampal neurons live surface-labeled for HA-Nrxn1 (red) and then co-labeled for MAP2 (green) and the various indicated presynaptic proteins (blue). Surface HA-Nrxn1 signals coincide with some (white asterisks) but not all signals of presynaptic proteins (yellow asterisks). Scale bars, 2 µm. (F) Representative 3D STORM images of synapses in hippocampal neurons that were cultured from HA-Nrxn1 cKI mice and double-labeled for surface HA-Nrxn1 and Piccolo. (G) Representative 3D STORM images of synapses in hippocampal sections from Nrxn1 cKI mice that were double labeled for surface HA-Nrxn1 and Bassoon. (H and I) Control experiments documenting specificity of HA-immunolabeling in cultured neurons. Representative 3D STORM images show synapses in hippocampal neurons that were cultured from HA-Nrxn1 cKI mice and infected with Cre-recombinase expressing lentiviruses (H) or that were cultured from WT mice (I). Neurons were double labeled for surface HA-Nrxn1 and Homer1. (J) Control experiments documenting specificity of HAimmunolabeling in hippocampal sections. Representative 3D STORM images show synapses in hippocampal sections from WT mice. Section were double labeled for HA-Nrxn1 and Homer1. (K and L) Homer1 levels (K) and area (L) did not significantly change during synaptogenesis in cultured hippocampal neurons analyzed at the indicated DIVs; (shown as percentage of DIV4 levels). (M) Nrxn1 localizations that were not associated with Homer1(+) synapses significantly increased during synaptogenesis in cultured neurons. (N) Nrxn1 nanoclusters shift toward the periphery during synapse maturation in cultured hippocampal neurons. Radial displacement was quantified as the mean absolute distance between the HA-Nrxn1 localization positions and the centroid position of the homer localizations. Note that nanoclusters always remain within the synaptic junction. (O) To control for differences in synapse area, for each synapse, the average localization of HA-Nrxn1 and Homer1 signals was divided by a radius value defining the area that encompasses 95% of Homer1 localizations. This normalized measurement of Nrxn1 radial displacement similarly shows that Nrxn1 nanoclusters move slightly toward the periphery during synapse maturation. (P) The size of synaptic Nrxn1 nanoclusters was compared using three different methods at indicated culture DIVs (shown as percentage of DIV4 levels). (Q and R) Homer1 levels (N) and area (O) significantly increased during postnatal development in vivo. Analysis was performed as in K and L, except that cryostat sections of the hippocampal CA1 region from HA-Nrxn1 cKI mice were analyzed as a function of age. (S-U) Same as M-O, but of Nrxn1 nanoclusters in cryosections of the hippocampal CA1 region from HA-Nrxn1 cKI mice of the indicated ages. Summary graphs show means ± SEMs. Statistical significance was determined by t test to earliest time point or control, except for radial displacement in N, O, T, and U, which was determined by a rank-sum test (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). For B and C, n = 4 mice; for D, n = 4 cultures; for K, L, N, and O, n as number of synapses = 6, DIV4; 12, DIV10; 78, DIV18; 85, DIV26/three cultures; for M and S, n = 15 fields of view/three cultures or mice; for P, n as number of synapses = 6, DIV4; 12, DIV10; 78, DIV18; 85, DIV26/three cultures; for Q, R, T, and U, n as number of synapses = 45, P1; 41, P7; 22, P14; 77, P28/three mice. Numerical data are means ± SEM. Statistical significance was determined by t test to vehicle control (VEH), except for absolute and normalized radial displacement plots, which were determined by a rank-sum test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). For B-H, n as number of synapses = 78, VEH; 106, PTX; 72, APV + NBQX; 64, APV + TTX/three cultures; for J-P, n as number of synapses = 20, control; 24, PTX/three cultures; for R and S, n as number of cultures = 7, medium; 5, cellular. 
